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Arsenic contamination in drinking water is a severe problem worldwide. The best
way to prevent hazardous diseases from chronic arsenic exposure is to remove the
exposure. Efforts to remediate arsenic in drinking water have taken two tracks. One is to
provide surface or shallow well water sources as an alternative to the arsenic
contaminated deep wells. Another approach is to remove arsenic from the contaminated
water. Different removal technologies like oxidation, chemical coagulation, precipitation,
adsorption and others are available. There are problems and benefits associated with each
of these approaches that can be related to cultural, socio-economic and engineering
influences.
The method proposed in this research is adsorption of arsenic to iron coated
limestone. Different iron coated limestone samples were prepared. Standard solutions of
100ppb arsenic were prepared and batch and kinetic experiments were conducted. The
final solution concentrations were analyzed by Graphite Furnace Atomic Adsorption
Spectroscopy (GFAAs) and the results showed that iron coated limestone removed
arsenic below 10ppb with 5 grams of material. Variations in iron coverage impacted
efficiency of arsenic removal.

xi

INTRODUCTION:
Arsenic, a metalloid, is notoriously harmful to human health but although other
species such as bacteria use arsenic as a respiratory metabolite. Arsenic occurs in two
major forms - inorganic and the organic. The inorganic arsenic is more toxic than the
organic form and is predominantly seen in drinking water, whereas organic form is seen
in sea foods (Taylor, et al, 2009). Inorganic arsenic are the components of geological
formation and extracted into ground water, the contamination can also be due to mining,
human activities and natural well waters with high concentrations of arsenic. These
contaminations extort into drinking water and make it more toxic than organic arsenic.
The inorganic forms of arsenic are arsenate, As (V) and arsenite As (III). Arsenite is the
reduced inorganic species and is more toxic than the oxidized form arsenate (Yan, et al,
2009).
Health hazards:
The main source of arsenic contamination for humans is by drinking water.
Arsenic contamination in ground water may be from mining activities and other
anthropogenic sources, but is often from non-anthropogenic sources such as bed-rock
aquifers and minerals (Kim, et al, 2011). Inorganic and Organic forms of arsenic are
responsible for carcinogenic and non-carcinogenic effects. The carcinogenic effects are
associated with breast, colon, stomach, head and neck leukemia and lymphoma (Wai, et
al, 2002). Increased risk of contamination may lead to cancer in skin, liver, lungs and
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bladder (Smith, et al, 2000). Non-carcinogenic effects are keratosis, cardiovascular
effects, diabetes mellitus and adverse birth outcomes (Biswas, et al, 2010).
Arsenate and arsenite stimulate the signal pathway of the nervous system causing
different physiological responses that lead to the development of cancer and other
destructive diseases. Arsenite blocks the thiol (-SH) containing molecules such as
glutathione and lipoic acid. Blocking of glutathione leads to oxidative damage and
increase in reactive oxygen spcies. Lipoic acid which is an important co-factor in
pyruvate dehydrogenase enzyme leads to decrease in production of Acetyl-CoA and
ATP. Arsenate is chemically similar to phosphate and enters the cell through phosphate
transport protein system. It competes with phosphate in binding and inhibits
glyceraldehyde 3-phosphate dehydrogenase and ATP production is also inhibited
(Druwe, et al, 2010).
Geographical distribution of Arsenic:
In 1942, the United States Public Health Service had a drinking water standard of
arsenic up to 50ppb (parts per billion). In 1993, the World Health Organization (WHO)
lowered the arsenic standard for drinking water up to 10ppb (Wang, et al, 2004). The
United States lowered the maximum contaminant level of arsenic to 10ppb in 2006.
In the Eastern United States, spatial distribution of arsenic in ground water is
mainly observed in bedrock aquifers. Widespread contamination of arsenic in ground
water is due to the presence of volcanic rocks in North Carolina. The sedimentary rocks
in Bangladesh are highly prone to arsenic contamination in drinking water. In Vietnam,
aquifers of the Red River are considered to be the richest source for arsenic. In Inner
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Mongolia, the well water constitutes the predominant source of arsenic contamination in
drinking water (Wade, et al, 2009).
Aqueous Arsenic Speciation and Chemistry:
Arsenic is known to occur in several oxidation states as -3, 0, +3, +5. However, in
solution, the inorganic form occurs in two different forms as trivalent arsenite (III) and
pentavalent arsenate (V) (Planer-Friedrich, et al, 2009). Under oxidizing conditions,
arsenate is predominantly seen in shallow waters, whereas in reduced conditions arsenite
is found and is stable.
The dissociation equilibrium reactions of and corresponding dissociation rate
constant values for arsenate and arsenite can be represented as follows.
For arsenate:
H3AsO4 ↔H2AsO4- + H+

pK1 = 2.2

H2AsO4-↔HAsO42- + H+

pK2 = 6.9

HAsO42- ↔ AsO43- + H+

pK3 = 11.5

For arsenite:
H3AsO3↔ H2AsO3- + H+

pK1 = 9.2

H2AsO3- ↔ HAsO32- + H+

pK2 = 12.1

HAsO32-↔AsO33- + H+

pK3 = 13.4
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In Figure 1, the speciation diagram for arsenate is shown. The charged arsenate can easily
bind to the positively charged adsorbents such as ferrihydrite. Hence, this form of arsenic
can be more easily removed than the arsenite form in the drinking water pH range
(Payne, et al, 2005).
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Figure 1: Arsenate Speciation Diagram.
At drinking water pH (6-8), the predominant species, H3AsO3 shown in Figure 2, the
arsenite speciation diagram.
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Figure 2: Arsenite Speciation Diagram.
The charged arsenate species is easier to remove than the neutral arsenite species.
Removal approach in Bangladesh and Vietnam:
In areas of West-Bengal and Bangladesh, arsenic contaminated ground water is used for
both drinking and for cultivation purpose. A recent statistical review of Bangladesh
reveals that only about 5 million wells are regularly checked for arsenic contamination
about 30% of population has switched from unsafe area to a safe zone. However, almost
60% of population is still at risk (Ahmed, et al, 2006). The rice cultivated with arsenic
contaminated ground water causes chronic health hazard (Meharg, et al, 2003). The
concentration of arsenic varies from cooked to raw rice, which mainly depends on
cooking water and the cooking method. Some of the cooking methods leached arsenic
out, which results in a decrease in arsenic concentration in cooked rice (Pal, et al, 2009).
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Bangladesh is one of the most arsenic prone areas in the world. Some districts are
highly affected, whereas some are less affected. In less affected areas, sufficient amount
of dissolved iron is present in water where arsenic co-precipitates with hydrous ferric
oxide (HFO). This precipitated arsenic settles at the bottom and is removed by sand
filters (Hug, et al, 2008). However, some parts of Bangladesh have lower concentration
of iron in the water makes arsenic contamination more difficult to treat (Meng, et al,
2001). In the worst affected districts of Bangladesh, low concentrations of natural iron
while higher concentrations of phosphorous and arsenic are present. In these worst
affected areas, ferrous iron concentration is increased for effective removal of arsenic.
Ferrous iron accelerates the partial oxidation of Arsenite (III) to Arsenate (V) and this
arsenate can be more easily removed (Roberts, et al, 2004).
Arsenic contamination can be reduced through an alternative supply of drinking
water. In large cities of Bangladesh, ground water is treated at central water treatment
plants but in rural areas water supply is provided through 12 million tube wells. Other
approaches can be used such as dug wells; pond sand filtration, rain water collection and
occasionally a piped water system are some of the alternative methods to mitigate arsenic
(Hug, et al, 2008). Vietnam also has significant of the arsenic contaminated areas, but the
level of contamination is less in comparison to Bangladesh. In Vietnam, high
concentration of natural iron is seen in ground water and this often can be removed by
sand filters. Major field wells have been built for alternative supply of water (Hug, et al,
2008).
Studies in Bangladesh and Vietnam illustrated that arsenic removal is difficult in
areas with high concentrations of arsenic and lower concentrations of iron and phosphate.
6

Table 1 shows the arsenic, iron and phosphate concentrations in different areas of
Bangladesh and Vietnam. Figure 3 is the plot from Table 1 which indicates, Red River
area of Vietnam has a high affinity to remove arsenic due to high concentrations of iron
and low concentration of phosphate and arsenic.
Ground water

Bangladesh

Bangladesh

Vietnam Red

Mekong Delta

composition

Average

Marked Red

River

Vietnam

pH (Initial)

7.0 ± 0.2

-

7.0 ± 0.4

6.8 ± 0.6

As (PPB)

0.062 ± 0.127

0.301 ± 0.2

0.159 ± 0.418

0.039 ± 0.128

Fe(PPM)

3.7 ± 5.4

4.2 ± 3.8

13.7 ± 10.6

2.6 ± 7.4

P (PPM)

0.7 ± 1.2

1.9 ± 1.8

0.8 ± 0.7

0.3 ± 0.9

Table 1: Ground water composition in different areas of Bangladesh and Vietnam.
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Ground Water Composition in Bangladesh and Vietnam
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Figure 3: A comparative graph between the concentration of Arsenic, Iron and Phosphate
(ppm) in ground water of Bangladesh and Vietnam.
Removal technologies:
Arsenic in the drinking water cannot be effectively removed by simple water
treatment. Common technologies are introduced to remove arsenic from drinking water
are discussed below.
Removal by Iron: Ferrous form of iron is dissolved in water. At neutral pH,
ferrous iron is oxidized to ferric iron (hydrous ferric oxide). Hydrous ferric oxide occurs
in two hydrous forms - FeOH2 and FeOH, which binds to arsenite and arsenate via
bidentate and monodentate complexes. Later these are removed by filtration (Sarkar, et
al, 2008). The removal of arsenic by iron as shown Figure 4 are some of the community
arsenic removal units and hand pumps shown. When the pump is operated, water enters
the hand pump as droplets and is aerated. At the adsorbent bed, arsenite and arsenate
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binds to hydrous ferric oxide and forming monodentate and bidentate complexes
(Roberts, et al, 2004). Finally arsenic free water is collected at the bottom.

Figure 4: Photograph of community based arsenic removal unit and reactions at different
sections of the unit (Sarkar, et al, 2008).
Oxidation: This process oxidizes arsenite to arsenate. Arsenate can be more easily
removed by adsorption and co-precipitation. As the process of oxidation is kinetically
slow in nature, typically chemical agents are added to speed up the reaction. Oxidizing
agents like MnO2, FeCl3, KmnO4, H2O2/Fe+2 (Fenton’s reagent) and Iron (VI) are used.
MnO2 on sand filters is an effective oxidizer for arsenite (III). Chlorine at 1 mg/L can
easily oxidize arsenite, but produces chlorinated by-products on reaction with natural
organic matter (Nriagu, et al, 1994). Ozone rapidly oxidizes arsenite at a concentration of
0.1 mg/L but also reacts with natural organic matter (Wang, et al, 2004).
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Removal by Sorption: This method uses adsorbents at various pH levels to remove
arsenic. It is also known as an Ion-Exchange process because adsorbents exchange the
OH group with arsenate (V). Activated alumina is one of the most commonly used
adsorbent, which adsorbs arsenic at a concentration of 0.05-0.2 ppm per 5-24 mg of
alumina. Alumina also produces harmful chemicals like HCl and NaOH during
adsorption.
Activated charcoal removes arsenate (V) at pH 5 and arsenite (III) at pH 8.
Manganese dioxide coated sand (MDCS) oxidizes arsenic before adsorption. Iron
associated MDCS removes arsenic at more than 80% higher than MDCS. Ferrous (II)
iron with oxygen linked MDCS is the best combination for arsenic removal because
products obtained from these reactions are easily filtered.
Removal by Limestone: Limestone is a sedimentary rock, which is mainly
composed of calcite. Various types of lime preparations are done after collecting the
rock. The Abiod formation of limestone is widely used in the manufacture of stone,
cement, glass, painting materials and pharmaceutical products (Sdiri, et al, 2010). Most
common impurities of limestone include clay minerals, sand and silt which significantly
affects its physical and chemical properties. X-ray fluorescence analyses (XRF), thermogravimetric analysis (TGA), X-ray diffraction analysis (XRD), infrared spectroscopy are
some of the methods used in determining the mineralogical and spectroscopic
characterization of limestone. Limestone is used as an adsorbent material in removal of
arsenic and other heavy metals (Aziz, et al, 2008).
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Other geological materials like zeolites, bentonite, apatite, and sand coated with
iron oxide are used for removal of heavy metals by exchanging and wastewater treatment
process (Feng, et al, 2000). Figure 4 shows the photograph of different iron coated
limestone.

50%DOW

75% DOW

100% DOW

Original

Figure 5: Photograph of different iron coated limestone.
Removal of other heavy metals by limestone:
Heavy metals like Copper, Cadmium, Zinc, and Manganese can also be removed
by iron coated limestone (Zhigang, et al, 2009) .Various studies showed that, increasing
limestone dosage greatly increased the removal proficiency of heavy metals. Heavy
11

metals can also be removed by oxidation and precipitation processes, but each of them
has their disadvantages.
Purpose of Study:
The main goal of this thesis is to remove arsenic by using iron coated limestone
and compare effectiveness of a DOW™ patented iron coated limestone with an iron
coated limestone originated at WKU.
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II. Materials and Methods:
This chapter describes the chemicals and preparation of stock solutions which are
used in all aspects of the research. Furthermore, the basic procedures for acid digestion,
acid leaching and batch testing are discussed.
Chemicals:
Table 2 shows the lists the chemicals and manufacturers used for the research.
Table 2: Chemicals and Manufacturers
Chemical Name

Manufacturer

Limestone (#16/60)

Pete Lien and Sons, La Porte, CO

Arsenic stock solution (1000 ppm)

Inorganic Ventures

Ferric chloride (FeCl3·6H2O)

Mallinckrodt

Sodium hydroxide (NaOH)

Fischer Scientific

Sodium Bicarbonate (NaHCO3)

Fischer Scientific

Nitric Acid

Fischer Scientific

Whatman Schleicher &Schuell cellulose

Fischer Scientific

nitrate membrane filters (0.45 µm)
Swinnex-25 millipore holder

Fischer Scientific

pH 7 Buffer

Fischer Scientific

Glacial acetic acid

Fischer Scientific
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Preparation of standard stock solutions:
Preparation of 0.1M iron (III) chloride solution:
A sample of 27.00 grams of ferric chloride (FeCl3·6H2O) was weighed on a
calibrated electric balance using a weighing paper and transferred into a 1000 ± 0.3mL
volumetric flask and dissolved in10 ± 0.3mL of nanopure water. The final volume of this
solution was made to 1000 ± 0.3mL with nanopure water.
Preparation of 1.00 M sodium hydroxide solution:
A sample of 4.00 grams of sodium hydroxide was weighed using a weighing
paper and transferred to a 100 ± 0.1mL volumetric flask. It is dissolved in 10 ± 0.3mL of
nanopure water and the final volume is made to 100 ± 0.1mL with nanopure water.
Preparation of 40% w/w ferric chloride solution:
A sample of 80.00 grams of ferric chloride (FeCl3· 6H2O) was weighed using a
weighing paper, and taken into a clean and dried 500 mL round bottomed flask. Using a
graduated cylinder, 200 ± 1.0mL of deionized water was measured and transferred to the
round bottomed flask.
Preparation of 30% w/w ferric chloride solution:
A sample of 60.00 grams of ferric chloride (FeCl3· 6H2O) was weighed using a
weighing paper, and taken into a clean and dried 500mL round bottomed flask. Using a
graduated cylinder, 200 ± 1.0mL of deionized water was measured and transferred to the
round bottomed flask.
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Preparation of 20% w/w ferric chloride solution:
A sample of 40.00 grams of ferric chloride (FeCl3· 6H2O) was weighed using a
weighing paper, and taken into a clean and dried 500mL round bottomed flask. Using a
graduated cylinder, 200 ± 1.0mL of deionized water was measured and transferred to the
round bottomed flask.
Preparation of 8% w/w sodium bicarbonate solution:
A sample of 32.00 grams of sodium bicarbonate was weighed using a weighing
paper, and transferred to a clean and dried 500mL round bottomed flask. Using a
graduated cylinder, 400 ± 2.0mL of deionized water was measured and transferred to the
round bottomed flask.
Preparation of 8% sodium hydroxide solution:
A sample of 8.00 grams of sodium hydroxide chips were weighed using a
weighing paper, and transferred to 100 ± 0.08mL volumetric flask. These are dissolved in
10 ± 0.3mL deionized water and the final volume was made to 100 ± 0.1mL with
deionized water.
Preparation of WKU iron coated limestone chips:
A sample of 100.00 grams of limestone chips were weighed on a calibrated
weighing balance using a weighing paper, and taken into a clean and dried 500mL round
bottomed flask. An aliquot of 100 ± 0.5mL 0.100 M iron (III) chloride solution was
transferred into the round bottomed flask. The flask was sealed with a rubber stopper, and
secured to a wrist action shaker and agitated for 24 hours at 2 shakes/sec. After agitation,
15

the pH of the solution was adjusted to 7 adding a small amount of concentrated sodium
hydroxide. The above solution was decanted and the iron coated limestone chips were
rinsed with nanopure water and air dried.
Preparation of100% DOW iron coated limestone chips (DOW™ patented document):
A sample of 100.00 grams of limestone chips were weighed and transferred to a
clean and dried 1000 ± 0.3mL volumetric flask. Using a graduated cylinder, 100 ± 0.5mL
of deionized water was measured and transferred to the flask. An aliquot of 200 ± 1.0mL
of 40% w/w ferric chloride (FeCl3· 6H2O) solution was added drop wise in 5 minutes
with no agitation. After 10 minutes, the solution was agitated for 1 minute. With slight
agitation an aliquot of 400 ± 2.0mL of 8% w/w sodium bicarbonate solution was added
quickly. The pH was maintained between 6 and 8, by adding small amounts of 8% w/w
sodium hydroxide solution. The solution was left to react, and the pH was maintained
above 4. After 1 hour at neutral pH, the solution is decanted and the limestone chips are
washed with deionized water. Transfer the lot and pack with water.
Preparation of 75% DOW iron coated limestone:
A sample of 100.00 grams of limestone chips were weighed and transferred to a
clean and dried 1000 ± 0.3mL volumetric flask. Using a graduate cylinder, 100 ± 0.5mL
of deionized water was measured and transferred to the flask. An aliquot of 200 ± 1.0mL
of 30% w/w ferric chloride (FeCl3· 6H2O) solution was added drop wise in 5 minutes
with no agitation. After 10 minutes, the solution was agitated for 1 minute. With slight
agitation an aliquot of 400 ± 2.0mL of 8% w/w sodium bicarbonate solution was added
quickly. The pH was maintained between 6 and 8 by adding small amounts of 8% w/w
16

sodium hydroxide solution. The solution was left to react, and the pH was maintained
above 4. After 1 hour at neutral pH, the solution is decanted and the limestone chips are
washed with deionized water. Transfer the lot and pack with water.
Preparation of 50% DOW iron coated limestone:
A sample of 100.00 grams of limestone chips were weighed and transferred to a
clean and dried 1000 ± 0.3mL volumetric flask. A 100.00mL of deionized water was
measured using a graduated cylinder and transferred to the flask. An aliquot of 200 ±
1.0mL of 20% w/w ferric chloride (FeCl3· 6H2O) solution was added drop wise in 5
minutes with no agitation. After 10 minutes, agitate the solution for 1 minute. With slight
agitation an aliquot of 400 ± 2.0mL of 8% w/w sodium bicarbonate solution was added
quickly. The pH was maintained between 6 and 8 by adding small amounts of 8% w/w
sodium hydroxide solution. The solution was left to react, and the pH was maintained
above 4. After 1 hour at neutral pH, the solution is decanted and the limestone chips are
washed with deionized water. Transfer the lot and pack with water.
Acid Digestion of iron coated limestone:
A sample of 1 gram of iron coated limestone was placed in a clean and dried
500mL round bottomed flask. An aliquot of 10 ± 0.3mL of concentrated nitric acid was
added to the flask. Using a graduated cylinder, 90 ± 0.5mL of deionized water was
measured and transferred to the flask. The flask was sealed with a rubber stopper, and
secured to a Burrell Wrist Action Shaker and agitated for 20 hours at 2 shakes/sec. Later
the solution was filtered using a 25mm Whattman cellulose membrane filter. The above
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samples were analyzed for iron using inductively coupled plasma-emission mass
spectroscopy.
Acid leaching test for iron coated limestone:
The concrete slurry was prepared by adding two portions of porcelain cement and
one portion of deionized water. Iron coated limestone chips were encapsulated in
concrete slurry. The concrete pucks were allowed to dry completely. These concrete
pucks are ground by using a mortar and pestle.
A sample of 1.00 gram of ground encapsulated iron coated limestone was placed
in a clean and dried 500mL round bottomed flask. An aliquot of 20 ± 0.3mL of glacial
acetic acid was transferred to the flask. The flask was sealed with a rubber stopper, and
secured to a wrist action shaker and agitated for 20 hours at 30 rotations per minute. The
pH was maintained between 4 and 6 at the end of the run, by adding few drops of 8%
w/w sodium hydroxide solution. Then the solution was filtered using a 25mm Whattman
cellulose membrane filter. Samples were analyzed for iron using inductively coupled
plasma-emission mass spectroscopy.
Preparation of 10ppm standard arsenic solution:
An aliquot of 10 ± 0.3mL of 1000.00ppm standard arsenic stock solution
(Inorganic Ventures cat# CGAS1-5) was placed in a 1000 ± 0.3mL volumetric flask. The
volume was made up to 1000 ± 0.3mL with deionized water.
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Preparation of 100ppb standard arsenic solution:
An aliquot of 10 ± 0.3mL of 10.00ppm standard arsenic solution was placed in a
1000 ± 0.3mL volumetric flask. The volume was made up to 1000 ± 0.3mL with
deionized water.
Batch Testing:
Batch testing examines the removal of arsenic using iron-coated limestone. For
each batch experiment, various amounts of measured iron-coated limestone samples were
placed into a clean and dried 24/40 Kimax 500mL round bottomed flask. Typically, 1, 5,
5, 10 and 20 grams of sample were measured using an electric balance and placed in five
different clean round bottomed flasks. An aliquot of 100 ± 0.5mL of 100.00ppb solution
was transferred into each of the five round-bottomed flasks using a 100 ± 0.05mL glass
pipette. The flasks were sealed using rubber stoppers. These round-bottomed flasks were
attached to the arms of the Burrell Wrist Action Shaker model-75 and were allowed to
shake for 24 hours at the rate of 2 shakes/ sec.
After 24 hours, the round-bottomed flasks were removed from the wrist shaker
and the iron coated limestone chips was allowed to settle for 10 to 20 minutes. The
rubber stopper was removed from each flask and about 20 ± 0.3mL of solution was
poured into a sterile beaker. Using a calibrated Oakton water proof double junction pH
Tester 20, the pH of the solution was recorded. The pH probe was placed into the beaker
and allowed to completely submerge in the solution. Sufficient time was given for the
accurate measurement of the pH. Once the pH was recorded the pH probe was rinsed
with deionized water and wiped clean. The pH of the solution was again measured.
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A 10 ± 0.2mL sterile syringe was initially rinsed with small amount of solution.
This solution was drained into the arsenic waste container. This was repeated for three
times to remove the contamination from the syringe. A fresh 10 ± 0.2mL sample was
taken into the syringe. The Sterile Swinnex-25 millipore cap was unscrewed and the filter
was covered with a piece of 0.45µm Whattman Schleicher and Schuell cellulose nitrate
membrane filter paper and close the cap. The cap of the Swinnex-25 millipore was
screwed into the syringe. Pressure was applied onto the syringe plunger to release
purified arsenic solution into a cleaned sterile 15mL glass vial. The vial was marked
properly and preserved with 3 drops of concentrated nitric acid. The above procedure was
repeated for other samples.
All the samples were prepared of different iron coated limestone. Once the
samples were collected, they were analyzed with graphite furnace atomic adsorption
spectroscopy (GF-AAS) to determine the concentration of arsenic in the solution. Before
the treatment with arsenic solution, iron coated limestone chips were scanned under a
scanning electron microscope to get the images.
As arsenic is a poisonous metal, a separate waste container was used to discard
the remaining amount of the solution. The Whatman cellulose nitrate membrane filter
paper was also discarded properly. The round-bottomed flasks, Swinnex-25 millipore
cups, serving beakers and other glassware were rinsed with 10% nitric acid and deionized
water for at least six times. This glassware and Swinnex-25 millipore cups were air dried
before next use.
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INSTRUMENTATION:
Graphite Furnace Atomic Absorption Spectrometry:
Electro thermal atomic absorption spectrometry permits determination of most
metallic elements. Low concentration of elements as low as 1.0µg/L, using a small
volume of sample can be detected by atomic absorption (AA) spectroscopy. Due to high
sensitivity of the technique, it is extremely susceptible to contamination so extra care in
sample handling and analysis may be required. By using large sample volume or reduced
flow rate of the purge gas or by using gas interrupt during atomization, increased
sensitivity can be achieved. In contrast to this, sample dilution, reduced sample volume,
increased flow rate of purge gas, or with less sensitive wave length sensitivity may be
decreased. Table 3 details detection levels and concentration ranges of AA spectroscopy.
Table 3. Detection levels and concentration ranges of Atomic adsorption spectroscopy.
Element

Wave length (nm)

Detection limit
(µg/L)

Concentration
range (µg/L)

Aluminum

309.3

3

20-200

Arsenic

193.7

1

5-100

Barium

553.6

2

10-200

Beryllium

234.9

0.2

1-30

Iron

248.3

1

5-10

Chromium

357.9

2

5-100

Copper

324.7

1

5-100

Cadmium

228.8

0.1

0.5-10
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PRINCIPLE OF AA SPECTROSCOPY:
Each element can absorb light at a particular wavelength. The amount of light
absorbed is directly proportional to the concentration of absorbing atoms in the element.
When a sample volume is dispensed into a graphite sample tube, determinations are made
in three or more stages. First, sample is dried by using low current heats. Second, at an
intermediate temperature, organic matter and other matrix compounds are volatilized.
Finally, high current heats are used to incandescent the tubes in an inert atmosphere
which atomizes the element being determined. Monochromatic radiations from the source
are absorbed by the ground state atomic vapors. The intensity of the transmitted radiation
is measured by a photo electric detector which is inversely related logarithmically to the
absorbance. According to Beer - Lambert’s law, at a limited concentration range the
absorbance is directly proportional to the number density of vaporized ground state
atoms.
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Figure 6: Graphite Furnace Atomic Adsorption Spectrometer.

THEORY:
The main components that are used in the instrument include the light source,
graphite tubes, modifiers and purge gas.
The detailed description of each component is listed below.
Lamps:
Cathode lamp consists of a glass envelope containing a cathode and an anode.
This envelope consists of low pressure inert gas such as argon or neon. At a high voltage
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in the electrodes, positively charged ions bombard the cathode and displace atoms of the
elements used in the cathode. The atoms are excited by collisional pressure and the
spectrum of the element can be produce.
Deuterium lamp is a continuum source of light that is not only used to measure
the atomic absorption but also measures and corrects the background effects which are
caused by molecular species. This deuterium lamp is commonly filled with hydrogen.
The lamp consists of a heated electron emitting cathode, a metal anode and an aperture
between a cathode and an anode. The current produced in milliamperes excites the
deuterium gas. The current is passed through the small aperture forming a high excitation
area, so a high amount of light is emitted.
Graphite Tubes:
Two types of graphite tubes are used in this instrument, a) pyrolytic coated
partition tube and b) pyrolytic coated plateau tube.
Pyrolytic coated partition tube is mostly suitable for an acid because it consists of
a ridge in the partition tube that accounts to its liquid being placed in the central part of
the tube not allowing the liquid to spread on the tube surface. Also, this tube helps in
drying large volumes of organic solvents.
Pyrolytic coated plateau tube requires a pyrolytic platform for its working, which
is a single piece of solid pyrolytic graphite. This platform tube has a central depression to
hold the liquid sample. The Platform mainly helps in withholding the sample for longer
duration, until the graphite tube reaches a stable and high temperature to vaporize.
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Purge Gas:
In Graphite Furnace Atomic Absorption Spectroscopy (GFAAs) the commonly
used purge gas is Argon. Some other gases like Acetylene, Nitrogen, Nitrous Oxide and
Zero air. Whereas, in flame atomic absorption spectroscopy (FAAS), acetylene is most
commonly used as a fuel gas and the clear fame is developed by using phosphine and
hydrogen sulphide.
Modifiers:
Chemical modifiers are used for the atomization of the temperature which may be
caused due to chemical interferences and reaction mechanism. In GFAAs there are three
different types of modifiers used. Nickel Nitrate is specifically used for Selenium,
Ammonium phosphate is used for analyzing Thallium and all other metals use palladium
as a modifier.
Flame Compared with Graphite Furnace Atomization:
Flame Advantages:
Atomic absorption spectroscopy with flame atomization has yielded good results
as is simple, convenient and has an easy sample introduction with a rapid analytical
measurement.
Flame Disadvantages:
1) The working system and efficiency of the pneumatic nebulizer/spray chamber is
low and a very high amount of sample is wasted.
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2) When sample reaches the flame, there are many factors which effects the analysis,
like flame temperature, interactions between flame gases, matrix components,
analyte and chemical interferences.
3) Effective absorption is seen when ground state atoms are present in light path for
a certain period of time. As more amount of sample is wasted before reaching the
flame, the residence time of an atom is reduced to 10-4 seconds.
4) Chemical interferences and background noise can be caused due to the absorption
and the emission bands produced by the flame gases.
Graphite furnace atomization advantages:
1) A distinct amount of sample is vaporized with a very small amount of sample
wastage.
2) Even though the ground state atom samples are affected with chemical
interferences, they are controlled with a good choice of analytical conditions and
chemical pre-treatment.
3) The sensitivity is better, as the graphite furnace atomizer is 100 times more
sensitive in determining wide range of elements than flame atomizer.
4) Samples like concentrated acids, viscous liquids, organic solvents and liquids with
high dissolved solids can be directly analyzed in the graphite furnace without any
pre-concentration procedures or solvent extraction methods.
Graphite furnace atomization disadvantages:
1) Some refractory elements like tungsten, tantalum or zirconium are not
recommended for analysis by graphite furnace atomization.
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2) If the sample is in liquid form then the concentration of sample is easily analyzed
by flame atomization than graphite furnace.
3) Graphite furnace atomization uses a fixed volume of sample at one time, whereas
in flame atomization, the sample is aspirated continuously so that many
measurements can be taken.
WORKING PROCEDURE:
The main components of the graphite furnace atomic adsorption are; a light
source, an atomizer, monochromator, an optical system and light-sensitive detector
(Clesceri, 20th Edition).
Firstly, an analytical blank with no elements are analyzed. Next, a series of
standard calibration solutions are analyzed with known amount of elements. The samples
are converted into solution form and the concentration of each sample was measured. A
calibration graph was plotted and points corresponding to the samples were inserted to
show the response of each solution. The concentrations of the samples were read.
Inductively Coupled Plasma- Emission Spectroscopy:
Inductively coupled plasma- atomic emission spectroscopy (ICP-AES) measures
samples quantitatively and qualitatively. Qualitative and quantitative analysis determines
the type and the amount of element present in the sample respectively. Liquid samples
like water, plating baths and organic solvents are directly analyzed under ICP but,
viscous samples like engine oil and vegetable oils are diluted with kerosene or xylene.
Solid samples like steels and alloys are digested with nitric and hydrochloric acid before
analysis.
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Principle of ICP-AES:
A distinct amount of energy is released from plasma photon source which
dissociates the sample into smaller ions or atoms. As the atoms absorbs the energy,
electrons from valance shells moves from the ground state energy level to an excited state
energy level. The excited state energy level is unstable and electrons will drop back to the
lower ground state by emitting energy in the form of a photon. The released
electromagnetic radiations are recorded by an optical spectrometer, which has specific
wavelength which are characteristic of particular element. When wavelength is compared
to the standard calibration, the qualitative and quantitative amount of element present in
the sample can determined (Skoog, 1998).

Figure 7: Inductively Coupled Plasma - Emission Spectrometer.
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Working procedure:
The two important components of ICP-AES are inductively coupled plasma (ICP)
and the optical spectrometer. The peristaltic pump draws the sample and introduces the
sample into the nebulizer. Argon gas and the sample are pumped into the spray chamber
through the nebulizer. In the spray chamber the sample gets into the form of fine droplets
of aerosol. The ICP torch has three concentric quartz glass tubes which are surrounded by
a 'work coil' that generates a radio frequency (RF). Argon gas creates the plasma. At a
stable, high temperature plasma heats to 7000 K and the electrons in the elements are
excited to higher energy state where they are unstable and fall back to lower energy state
with emission of photons. Spectrometer is used to diffract the light of photon from
plasma into wavelengths. These intensities of wavelength are measured by a detector
(silicon chip or photomultiplier tube) by comparing the intensity of standard with a
sample. This intensity of wavelengths is directly proportional to the concentration of the
element present in the sample. These concentrations are readout by signal processor and
displayed. The data output is in the form of signal reading, i.e., intensity of wavelength
radiation.
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RESEARCH RESULTS AND DISCUSSION
The batch experimental studies of adsorption of arsenic by iron coated limestone
measures the extent to which the sorbent removes arsenic from the solution. In batch
experiments, the sorbent material is initially exposed to a given quantity of influent. The
initial concentration decreases over time due to the process of adsorption occurring
during the experiment. The concentration of effluent is less than the influent
concentration. The removal mainly happens due to the chemical precipitation process and
chemical bonding of arsenic with iron.
Batch experiment for WKU iron coated limestone:
The WKU iron coated limestone was prepared according to the procedure
described in material and methods. Typically, 1, 5, 10 and 20 grams of WKU iron coated
limestone sample were weighed and transferred to four different round bottomed flasks.
A measured quantity of 100mL of 100ppb standard arsenic solution (materials and
methods) was transferred to each flask. The flasks were screwed to the arms of wrist
shaker and allowed to react for 24 hours at 2 shakes/sec. The samples were filtered and
analyzed for arsenic using Graphite Furnace Atomic Absorption Spectroscopy (AA).
The Table 4 and Figure 8 show the calibration data for AA. The calibration graph
was constructed at element wavelength of 193.7 nm with concentration in ppb on X- axis
and absorbance on Y-axis. The R2 was calculated using the linear square method and the
value is 0.996 with a best fit.
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Table 4: Calibration data obtained for Atomic adsorption at 193.7 nm wavelength.
S. No.

Absorbance

Concentration (ppb)

0

0

0.0151

5

0.0415

10

0.1109

25

0.2163

50

0.3112

75

0.3917

100

1
2
3
4
5
6
7

Calibration graph for GFAA's

Absorbance

0.4
0.3
0.2
0.1
0
0

20

40

60

80

100

120

Concentration (ppb)

Figure 8: Calibration graph for Atomic adsorption.
The WKU iron coated limestone samples were analyzed at a wavelength of 193.7
nm under AA. It was found that the final concentration is less than the initial
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concentration. About 82% of arsenic was removed using 10 grams of limestone but there
was no remarkable difference between 5, 10 and 20 gram samples. The results from
Table 4 and Figure 9 shows that WKU iron coated limestone sample is a good sorbent
material to remove arsenic.
Table 5: Batch experiment for WKU iron coated limestone with an initial concentration
of 100ppb arsenic.
S. No.

WKU iron

Concentration

coated limestone (ppb)

pH

1gm

27.78 ± 0.08

8.67

5gm

18.42 ± 0.05

8.52

10gm

14.01 ± 0.03

8.57

20gm

17.11 ± 0.04

8.48

1
2
3
4
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Batch experiment for WKU iron coated limestone

Concentration (ppb)

30

20

10

0
1 gm

5 gm

10 gm

20 gm

WKU limestone

Figure 9: Batch experiment with different sample amounts of WKU iron coated
limestone.
Batch experiment for 100% DOW™ iron coated limestone:
The 100% DOW™ iron coated limestone was prepared according to the Patented
DOW™ document procedure described in material and methods. Typically, 1, 5, 10 and
20 grams of 100% DOW™ iron coated limestone sample were weighed and transferred to
four different round bottomed flasks. A measured quantity of 100mL of 100ppb standard
arsenic solution (materials and methods) was transferred to each flask. The flasks were
screwed to the arms of wrist shaker and allowed to react for 24 hours at 2 shakes/sec. The
samples were filtered and analyzed for arsenic using Graphite Furnace Atomic
Absorption Spectroscopy (AA) at a wavelength of 193.7 nm.
Approximately about 93% of iron concentration was high on the surface of
DOW™ limestone than WKU iron coated limestone. The 100% DOW™ procedure has
met the maximum contaminant level of arsenic in drinking water; it was found that the
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final concentration is less 10ppb with all weights of 100% DOW™ iron coated limestone
samples. The 5 gram sample has achieved a concentration of below 5ppb, but no
remarkable difference was seen among different 100% DOW™ limestone samples. Table
6 and Figure 10 shows the batch experiment results for different 100% DOW™ iron
coated limestone samples with an initial concentration of 100ppb.
Table 6: Batch experiment for 100% DOW™ iron coated limestone with an initial
concentration of 100ppb arsenic
S. No.

100% DOW™

Concentration

iron coated

(ppb)

pH

limestone
1
1gm

6.18 ± 0.07

5gm

4.08 ± 0.03

10gm

6.56 ± 0.08

20gm

4.73 ± 0.02

8.61

2
8.80

3
8.78

4
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8.30

Batch experiment for 100 % DOW™ iron coated
limestone
Concentration (ppb)

8
6
4
2
0
1 gm

5 gm

100%

10 gm

DOW™

20 gm

limestone

Figure 10: Batch experiment with different sample amounts of 100% DOW™ iron coated
limestone.
Studies were conducted by altering the iron concentration in 100% DOW™
limestone. The concentration of iron was reduced to 75% and 50%, samples were
prepared according to the procedure described in materials and methods chapter and
batch experiments were performed.
Typically, 1, 5, 10 and 20 grams of 75% DOW™ iron coated limestone sample
were weighed and transferred to four different round bottomed flasks. A measured
quantity of 100mL of 100ppb standard arsenic solution (materials and methods) was
transferred to each flask. The flasks were screwed to the arms of wrist shaker and allowed
to react for 24 hours at 2 shakes/sec. The samples were filtered and analyzed for arsenic
using Graphite Furnace Atomic Absorption Spectroscopy (AA) at a wavelength of 193.7
nm.
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Table 7 and Figure 11 shows the data and graph of batch experiment for 75%
DOW™ iron coated limestone. The graph shows that arsenic concentration was lower at
20 gram and declined down from 1 gram of 75% DOW™ iron coated limestone. The 75%
DOW™ has 91% higher surface iron concentration than the WKU iron coated limestone,
which is notable. The 75% DOW™ limestone samples have reduced the arsenic
concentration below 5ppb. The percent difference between 100% DOW™ limestone and
75% DOW™ limestone in removal of arsenic is negotiable.
Table 7: Batch experiment for 75% DOW™ iron coated limestone.

S. No.

75 % DOW™ iron

Concentration

coated limestone

(ppb)

pH

1gm

3.76 ± 0.01

9.20

5gm

3.46 ± 0.02

8.89

10gm

3.25 ± 0.03

8.70

20gm

3.19 ± 0.03

1
2
3
4
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8.43

Batch experiment 75% DOW™ iron coated limestone

Concentration (ppb)

3.9
3.7
3.5
3.3
3.1
2.9
1 gm

5 gm

75 %

10 gm

DOW™

20 gm

limestone

Figure 11: Batch experiment with different sample amounts of 75% DOW™ iron coated
limestone.
Typically, 1, 5, 10 and 20 grams of 50% DOW™ iron coated limestone sample
were weighed and transferred to four different round bottomed flasks. A measured
quantity of 100mL of 100ppb standard arsenic solution (materials and methods) was
transferred to each flask. The flasks were screwed to the arms of wrist shaker and allowed
to react for 24 hours at 2 shakes/sec. The samples were filtered and analyzed for arsenic
using Graphite Furnace Atomic Absorption Spectroscopy (AA) at a wavelength of 193.7
nm.
Table 8 and Figure 12 shows the batch experiment results for 50% DOW™ iron
coated limestone. The results show that, 50% DOW™ limestone more effectively
removes arsenic than 75% DOW™ and 100% DOW™ limestone. The 50% DOW™
limestone has half the concentration of iron as 100% DOW™ limestone but still removed
arsenic below 5ppb. The surface iron concentration was higher, so the pH of the 50%
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DOW™ was higher than other iron coated limestone, which helps in better removal of
arsenic.
Table 8: Batch experiment for 50% DOW™ iron coated limestone.
S. No.

50 % DOW™ iron

Concentration

coated limestone

(ppb)

pH

1gm

3.53 ± 0.02

9.14

5gm

3.33 ± 0.03

8.77

10gm

3.01 ± 0.04

8.64

20gm

3.06 ± 0.04

8.34

1
2
3
4

Batch experiment for 50% DOW™ iron coated
limestone
Concentration (ppb)

3.6
3.4
3.2
3
2.8
2.6
1 gm

5 gm

50%

DOW™

10 gm

20 gm

limestone

Figure 12: Batch experiment with different sample amounts of 50% DOW™ iron coated
limestone.
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Studies were conducted with both 1 and 5 grams of uncoated limestone, WKU,
100% DOW™, 75% DOW™ and 50% DOW™ iron coated limestone samples. The studies
with 1 and 5 gram sample excel the support for choosing a good sorbent material. About
1 gram of each iron coated limestone sample was weighed and transferred to a round
bottomed flask. A measured quantity of 100mL of 100ppb standard arsenic solution was
added to the flask. The flasks were screwed to the arms of wrist shaker and allowed to
react for 24 hours at 2 shakes/sec. The samples were filtered and analyzed for arsenic
using Graphite Furnace Atomic Absorption Spectroscopy (AA) at a wavelength of 193.7
nm.
Table 9 and Figure 13 shows the batch experiment results for 1 gram of different
iron coated limestone samples. These results showed that 1 gram 50% DOW™ and WKU
iron coated limestone samples has achieved the minimum detection limit, i.e., 10ppb.
Table 9: Batch experiment for 1 gram iron coated limestone samples.
S. No.

Different iron coated

Concentration (ppb)

limestone samples
1

1gm 50 % DOW™

6.62 ± 0.01

1gm WKU

7.81 ± 0.01

1gm 75 % DOW™

12.19 ± 0.02

1gm100% DOW™

12.45 ± 0.02

1gm limestone

14.27 ± 0.02

2
3
4
5

39

Batch test for 1 gm iron coated limestone
Concentration (ppb)

16

12
8
4
0
1 gm 50 %
DOW™

1 gm WKU

1 gm 75 %
DOW™

1 gm 100%
DOW™

1 gm
limestone

Different limestone samples

Figure 13: Batch experiment for 1 gram iron coated limestone samples.
A sample of 5 grams of each iron coated limestone was weighed and transferred
to a round bottomed flask. A measured quantity of 100mL of 100ppb standard arsenic
solution was added to the flask. The flasks were screwed to the arms of wrist shaker and
allowed to react for 24 hours at 2 shakes/sec. The samples were filtered and analyzed for
arsenic using Graphite Furnace Atomic Absorption Spectroscopy (AA) at a wavelength
of 193.7 nm.
Table 10 and Figure 14 shows the batch experiment results for 5 gram of
different iron coated limestone samples. The 5 gram iron coated limestone samples has
achieved the maximum contaminant level of arsenic. The uncoated limestone can also be
a good sorbent material as it has removed 86% of arsenic. Results from 1 gram and 5
gram batch experimental studies support that 50% DOW™ and original iron coated
limestone samples removed arsenic efficiently with lower iron concentrations.
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Table 10: Batch experiment for 5 gram iron coated limestone samples.
S. No.

Different iron coated

Concentration (ppb)

limestone samples
1
5gm 75 % DOW™

4.09 ± 0.04

5gm 50 % DOW™

4.76 ± 0.05

5gm100% ™DOW

5.46 ± 0.06

5gm WKU

6.11 ± 0.07

2
3
4
5
5gm limestone

13.65 ± 0.01

Batch test for 5 gm iron coated limestone
Concentration (ppb)

16
12
8
4
0
5 gm 75%
DOW™

5 gm 50 %
DOW™

5 gm 100%
DOW™

5 gm WKU

5 gm
limestone

Different limestone samples

Figure 14: Batch experiment for 5 gram iron coated limestone samples.
Kinetic studies for iron coated limestone:
The effectiveness and feasibility of arsenic removal using iron coated limestone
can be understood better through kinetic studies (Chen and Chung, 2006). Kinetic studies
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helps in determining the adsorption ability of a particular mechanism. A sample of 1
gram of uncoated limestone, WKU, 100% DOW™, 75% DOW™ and 50% DOW™ iron
coated limestone was weighed and transferred to five different round bottomed flasks. A
measured quantity of 100mL of 100ppb standard arsenic solution was added to the flasks.
The flasks were screwed to the arms of wrist shaker and allowed to react for 5 hours at 2
shakes/sec. Each sample was collected at an interval of 0.5, 1, 1.5, 2, 3, 5 hours, filtered
and analyzed using graphite furnace atomic absorption spectroscopy (AA) at a
wavelength of 193.7 nm.
Table 11 and Figure 15 show the kinetic studies results with uncoated limestone.
The kinetic studies are performed with 1 gram of limestone and results shows 75% of
arsenic was removed within 5 hours of time frame.
Table 11: Kinetic studies with an initial concentration of 100ppb arsenic with uncoated
limestone
Time (hours)

Concentration (ppb)

0

100 ± 0.01

0.5

32.3 ± 0.01

1

17.63 ± 0.06

1.5

15.78 ± 0.05

2

16.54 ± 0.06

3

17.64 ± 0.06

5

23.45 ± 0.09

42

Kinetic studies with arsenic for uncoated limestone

Concentration (ppb)

120
100
80
60
40
20
0
0

1
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3

4

5

6

Time (Hours)

Figure 15: Kinetic studies with 1 gram of uncoated limestone.
As the contact time increases, the removal of arsenic by different sorbent
materials increases (Gupta, et al, 2013). Table 12 and Figure 16 shows the kinetic studies
with WKU iron coated limestone. The arsenic concentration was reduced to 17ppb in 30
minutes however slight instability is seen at 3 hours of reactions.
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Table 12: Kinetic studies for arsenic with WKU iron coated limestone.
Time (hours)

Concentration (ppb)

0

100 ± 0.01

0.5

17.13 ± 0.06

1

15.42 ± 0.05

1.5

16.03 ± 0.05

2

20.94 ± 0.08

3

37.59 ± 0.01

5

13.42 ± 0.04

Kinetic studies for arsenic with WKU iron coated
limestine
Concentration (ppb)

120
100
80
60
40
20
0
0

1

2

3

4

5

6

Time (Hours)

Figure 16: Kinetic studies with1 gram WKU iron coated limestone.
The result for kinetic studies with 100% DOW™ iron coated limestone was
shown in Table 13 and Figure 17. About 90% of arsenic removal was seen within 30
minutes and it was maintained with slight fluctuations for 5 hours. As the iron coated
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limestone was prepared in a batch, heterogeneous iron coverage is seen on the limestone
which probably leads to the instability of the results.
Table 13: Kinetic studies for arsenic with 100% DOW™ iron coated limestone
Time (hours)

Concentration (ppb)

0

100 ± 0.01

0.5

12.2 ± 0.04

1

11.06 ± 0.03

1.5

7.26 ± 0.02

2

5.49 ± 0.01

5

11.48 ± 0.03

Kinetic studies with arsenic for 100% DOW™ iron
coated limestone
Concentration (ppb)

120
100
80
60
40
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0
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Figure 17: Kinetic studies with 1 gram 100% DOW™ iron coated limestone.
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The kinetic studies results for 75% DOW™ iron coated limestone are shown in
Table 14 and Figure 18. At 5 hours, the concentration was reduced to 3ppb and instability
might be due to chemisorption process of iron coated limestone.
Table 14: Kinetic studies with 75% DOW™ iron coated limestone
Time (hours)

Concentration (ppb)

0

100 ± 0.01

0.5

17.76 ± 0.06

1

18.12 ± 0.06

1.5

12.58 ± 0.04

2

12.23 ± 0.04

3

11.98 ± 0.04

5

2.91 ± 0.01

Kinetic studies with 75% DOW™ iron coated
limestone
Concentration (ppb)

120
100
80

60
40
20
0
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Figure 18: Kinetic studies with 1 gram 75% DOW™ iron coated limestone.
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Table 15 and Figure 19 shows the kinetic studies results with 1 gram 50%
DOW™ iron coated limestone. The concentration of arsenic decreased gradually with an
increase in contact time.
Table 15: Kinetic studies with 50% DOW™ iron coated limestone
Time (hours)

Concentration (ppb)

0.5

13.01 ± 0.04

1

13.82 ± 0.02

1.5

14.21 ± 0.03

2

13.79 ± 0.04

3

10.94 ± 0.03

5

9.60 ± 0.03

Kinetic studies for arsenic with 50% DOW™ iron
coated limestone
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Figure 19: Kinetic studies with 1 gram 50% DOW™ iron coated limestone.
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Effect of acid leaching test (TCLP):
The 100 % DOW™ and WKU iron coated limestone acid leaching samples were
prepared according to the procedure mentioned in materials and methods. The prepared
samples are analyzed for iron concentration using Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES). Table 16 and Figure 20 shows the calibration data for
ICP-AES. The calibration graph was constructed at element wavelength of 238.204 nm
with concentration in ppm on X- axis and signal intensity on Y-axis. The R2 was
calculated using linear square method and the value is 0.999 with a linear fit curve.
Table 16: Calibration data for ICP-AES at 238.204 nm wavelength.
Iron Concentration (ppm)

Signal Intensity (238.204 nm)

0

65

0.5

178

1

383

2.5

912

5

1789

7.5

2716

10

3633
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Calibration graph for ICP-AES
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Figure 20: Calibration graph for Inductively Coupled Plasma – Atomic Emission
Spectrometer (ICP-AES).
Toxicity Characteristic Leaching Procedure (TCLP) tests the extraction of
contaminants from a sample dissolved in an appropriate extraction fluid. The iron coated
limestone sample is covered with concrete before extraction. A 20:1 liquid to solid ratio
of glacial acetic acid and iron coated limestone chips was employed and the mixture is
rotated for 18± 2 hours at 30 rotations per minute. After rotation the samples are checked
for final pH, filtered and analyzed for iron using Inductively Coupled Plasma (ICP)
(Davis, D; 2009).
Table 17 and Figure 21 shows the results for acid leaching test and the amount of
lechate present in the extraction fluid. The TCLP test helps in the disposal of different
waste contaminants. Irrespective of initial surface iron concentration for 100% DOW™
and WKU iron coated limestone, about 4.3 ppm of iron has leached for both iron
samples.
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Table 17: Acid leaching test data for different iron coated limestone samples.
S. No.

Sample

Concentration of iron
(ppm) (238.204 nm)

1

WKU iron coated

4.30

limestone
2

100% DOW™ iron

4.32

coated limestone

Acid Leaching test (TCLP)

Concentration (ppm)

4.35
4.3
4.25
4.2
4.15
4.1
100% DOW™ ICL

WKU ICL

Different iron coated limestone samples

Figure 21: Acid leaching test with different iron coated limestone.
Acid digestion for iron coated limestone:
An acid digestion test was conducted with WKU and 100% DOW™ iron coated
limestone. A sample of 1 gram was placed in a 500mL round bottomed flask. An aliquot
of 10 ± 0.3mL of concentrated nitric acid was added to the flask. Using a graduated
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cylinder, a 90 ± 0.5mL of deionized water was measured and added to the flask. These
flasks were tightened to the arms of the wrist shaker and allowed to react for 20 hours at
2 shakes/sec. Later the samples were filtered and analyzed for iron and calcium using
Inductively Coupled Plasma at 238.2 and 317.9 nm respectively. Table 18 and Figure 22
shows the results obtained from acid digestion test. The percentage of iron in acid
digestion solution was high for 100% DOW™ than WKU iron coated limestone.
Table 18: Acid digestion test data for different iron coated limestone.
Sample

Concentration of Iron

Concentration of Calcium

(ppm) (238.204 nm)

(ppm) (317.9 nm)

WKU ICL

2.879

2659

100% DOW™ ICL

12.94

2394

Concentration of iron (ppm)

Acid digestion test
15
12
9
6
3
0
100% DOW™ ICL

WKU ICL

Different iron coated limestone samples

Figure 22: Acid digestion test for different iron coated limestone.
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SEM Results:
Scanning Electron Microscope images for WKU, 100% DOW™, 75% DOW™,
and 50% DOW™ iron coated limestone shows the concentration of different elements
present on the surface.
Figures 23 and 24 as well as Table 19 show the SEM results for 100% DOW™
iron coated limestone.

Figure 23: Scanning Electron Microscope (SEM) images for 100% DOW™ iron coated
limestone.
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Figure 24: Analysis report for location 1 of SEM image for 100% DOW™ iron coated
limestone.
Table 19: Analysis data for SEM image obtained for 100% DOW™ iron coated
limestone
Location 1

Location 2

Element

Atomic %

Concentration

Atomic %

Concentration

C

6.74

3.42

12.19

7.12

O

70.37

47.61

67.69

52.63

Ca

7.65

12.97

18.72

36.46

Fe

15.25

36.00

1.40

3.79

Figures 25 and 26 as well as Table 20 show the SEM results for 75% DOW™
iron coated limestone. In comparison to 100% DOW™ iron coated limestone, 75% DOW
has lower concentration of iron on surface.
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Figure 25: SEM images for 75% DOW™ iron coated limestone

Figure 26: Analysis report for location 2 of SEM images for 75% DOW™ iron coated
limestone.
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Table 20: Analysis data for SEM image obtained for 75 % DOW™ iron coated
limestone.
Location 1

Location 2

Element

Atomic %

Concentration

Atomic %

Concentration

C

15.23

9.20

7.14

3.98

O

64.84

52.18

72.56

53.94

Al

4.54

6.16

4.06

5.09

Ca

13.25

26.71

7.06

13.14

Fe

1.95

5.47

9.19

23.84

Figures 27 and 28 as well as Table 21 show the SEM results for 50% DOW™
iron coated limestone. The image shows the elemental distribution of Carbon, Oxygen,
Aluminum, Carbon, and Iron. In 50% DOW™, the concentration of iron is higher than
75% DOW™ and 100% DOW™ iron coated limestone.
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Figure 27: SEM images for 50% DOW™ iron coated limestone

Figure 28: Analysis report for Location 2 of SEM image for 50% DOW™ iron coated
limestone.
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Table 21: Analysis data for SEM image obtained for 50% DOW™ iron coated limestone.
Location 1

Location 2

Element

Atomic %

Concentration

Atomic %

Concentration

C

6.67

3.65

0.00

0.00

O

69.07

50.37

71.50

44.03

Ca

21.92

40.04

8.74

13.48

Fe

2.34

5.94

19.77

42.49

Figures 29 and 30 as well as Table 22 show the SEM results for WKU iron coated
limestone. The concentration of iron was low but the oxygen percent is at an equivalent
concentration with other different DOW™ iron coated limestone samples.

Figure 29: SEM results for WKU iron coated limestone.
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Figure 30: Analysis report for SEM image for WKU iron coated limestone
Table 22: Analysis data for SEM image obtained for WKU iron coated limestone.
Element

Atomic %

Concentration

C

12.52

7.54

O

71.55

57.36

Ca

12.02

24.13

Fe

3.89

10.89
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CONCLUSIONS:
Arsenic contamination of drinking water and ground water is due to the high
concentrations of arsenic in deeper levels of ground water. Arsenic contamination in
drinking water causes many health hazards like carcinogenic effects, cardiovascular
effects, diabetes and neuro-physiological effects. Although many removal techniques
diminish the levels of arsenic, most of them have problems associated with the formation
of undesirable products which leads to other health risks. This research was mainly
focused on the removal of arsenic from drinking water by using uncoated limestone and
different iron coated limestone samples to meet the maximum contaminant level of
10ppb. Removal is probably a combination of chemical precipitation process and
chemical bonding of arsenic with iron. The iron coated limestone samples were prepared
in batch which results in heterogeneous iron coverage on to the limestone.
The batch experimental studies measure the extent to which the sorbent material
removes arsenic by adsorption. Studies were conducted with an initial concentration of
100ppb of standard arsenic solution. With 5 gram samples of WKU, 100% DOW™, 75%
DOW™ and 50% DOW™ iron coated limestone, arsenic was removed below 5ppb.
Uncoated limestone also has shown its impact by removing 85% of arsenic. Kinetic
studies were performed with 1 gram of different iron coated limestone. Results show that
uncoated limestone brought arsenic from 100ppb to 23ppb in 5 hours. The WKU iron
coated limestone removed arsenic to 87% in 5 hours. The 100% DOW™ iron coated
limestone removed the arsenic below 10ppb within 1.5 hours and the 75% DOW™ iron
coated limestone stayed constant till 3 hours of reaction and a sudden drop down is seen
at 5 hours with 3ppb of arsenic in solution. The 50 % DOW™ iron coated limestone
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removed 87% of arsenic in 30 minutes and a further decrease brought it down to 10 ppb
in 5 hours. Uncoated limestone requires higher contact time with increased amount of
limestone sample.
The Toxicity Characteristic Leaching Procedure (TCLP) results for 100%
DOW™ and WKU iron coated limestone shows that the concentration of iron in leachate
solution has met the standard limits of TCLP in both samples and acid digestion results
shows that the concentration of iron was high in 100% DOW™ than WKU iron coated
limestone.
The analysis report from scanning electron microscopic images shows that 50%
DOW™ has high iron concentration on the surface of limestone than 100% DOW™ and
75% DOW™.
This research is to compare a cost effective approach for removing arsenic in
drinking water developed at WKU with DOW™ patented technology. The WKU iron
coated limestone can be easily synthesized, with lower cost and processing time than
DOW™ patented technology. The batch experiment and kinetic studies shows that 50%
DOW™ and WKU iron coated limestone with lower iron concentration removed arsenic
better.
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PERSPECTIVE:
Arsenic, a metalloid is harmful to human health causing cancerous effects
associated with breast, colon, stomach and neck. It also causes cardiovascular effects,
diabetes, head ache and weight gain. Arsenic contamination in ground water and drinking
water is due to industrial pollution and deep wells. The removal of arsenic in a cost
effective manner is an important aspect. This research focused on the adsorption of
arsenic using iron coated limestone. The limestone material is cheap and easily available
which removes arsenic in a cost effective manner. Arsenic removal with uncoated
limestone did not reach the maximum contaminant level set by world health organization,
so iron coated limestone was prepared with different concentrations of iron and batch
experiments were conducted to check the removal efficiency of different iron coated
limestone. We were successful in developing a cost effective and easy method for
removal of arsenic using iron coated limestone. The arsenic treated iron coated limestone
waste was disposed into the landfill properly.
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